Our case study analyzed the proximity of previously mapped fractures in the aquifer matrix to 93 Florida panther (Puma concolor coryi) dens mapped from 2007-2016 in south Florida. Dens occurred in five counties (Collier = 77, Dade = 1, Hendry = 9, Lee = 5, and Monroe = 1) and three sub-basins of the Greater Everglades Basin (Big Cypress Swamp = 83, Caloosahatchee = 3, and Everglades = 7). Fractured aquifers occur worldwide, but are not the focus of habitat suitability studies, despite evidence that fractures influence plant species composition and density. Habitat alterations can occur many kilometers from the surface footprint of groundwater alterations in the regional Floridan aquifer system via preferential flow through fractures. Increased natural discharge from and recharge to the aquifer occur at fracture intersections. Greater induced recharge and habitat changes also may occur at fracture intersections. All dens were within 5 km of a previously mapped fracture; 36% and 74% were within 1 km and 2 km, respectively, of those fractures; and 47%, 74%, and 90% of dens were within 2 km, 3.25 km and 5 km, respectively, from the nearest fracture intersection. Results suggest fractures influence the suitability and/or availability of habitat for panther dens, selection of den sites, and availability as well as abundance of high quality prey items essential for the nutritional demands of successfully rearing panther kittens in the wild. We recommend more detailed investigations of: a) vegetation characteristics near dens, b) groundwater alterations and cumulative impacts of those alterations associated with fractures in panther habitat (e.g., altered plant species composition and density), and c) influence of aquifer fractures in all habitats underlain by fractures.
Introduction
Fractures (including faults and joints) are characteristic in the rock matrix of karst aquifer systems (with associated sinkholes), occur in other types of aquifer systems, and are associated with subsidence and alterations of natural hydroperiods in response to groundwater withdrawals and other types of mining worldwide [1] - [6] . Despite these widespread aquifer responses, studies of habitat and ecosystem management, requirements for conservation and preservation, land use, water resources, and sustainability of natural resources generally do not consider influences of aquifer fractures or altered hydroperiods.
We conducted a case study of the Florida panther (Puma concolor coryi, previously Felis concolor coryi), a subspecies of North American pumas (aka mountain lions, cougars (Puma concolor)), which previously inhabited all of Florida and much of the southeastern United States (US). We reviewed literature of habitat studies for the Florida panther and evaluated the proximity of panther dens to previously mapped fractures in the matrix of the regional Floridan aquifer system underlying the remaining and original panther habitat throughout the southeastern US. Currently, Florida panthers are restricted to less than 5% of the historic range, as a single breeding population in south Florida [7] [8] . On March 11, 1967 , the Florida panther was listed as an endangered species in the 32 Federal Register 4001 and on May 26, 2006 , the Florida panther was recognized as one of the rarest large mammals in the US, in the 71 Federal Register 30156-01.
In 1987, the population of Florida panthers was estimated at 20 to 50 individuals [9] , suggesting a lack of variation in the population [10] . According to those sources, no published accounts of maternal behavior for Florida panthers were available at that time. This lead to the monitoring of behavior patterns associated with rearing of kittens, using two radio-collared adult female Florida panthers. Data collection occurred during the first 6 months after parturition from January 1985 through December 1987 by Maehr et al. [11] . That study was conducted in Collier County, Florida, which is dominated by large tracts of public lands (e.g., Big Cypress National Preserve and Fakahatchee Strand State Preserve) and similarly large tracts of privately owned lands. Despite the small sample size and limited period of that study, they observed that home-range size was reduced immediately after parturition, followed immediately by an increase in area used by one female panther (identified as "09") and a decrease in area used by the other female panther (identified as "11"). Prey abundance was considered as an explanation for some of the behavioral differences observed between those two female panthers. Maehr et al. [11] noted that a "lower nutritional plane may have been the most important factor influencing the number of surviving kittens and larger home range" for the former panther, with only one surviving kitten, compared to the latter panther in that study, which revealed signs of as many as three kittens surviving for at least 2 years. They also concluded that contrasting home range sizes and movements after the denning period also may be due to habitat differences, noting that the area occupied by female 09 was characterized by poorer soil conditions.
According to Denny [12] , poorer soil conditions may contribute to lower densities of white-tailed deer (Odocoileus virginianus), but subsequent research
showed that those deer preferentially use areas where upland forest is adjacent to swamps [13] . The habitat preferences of these deer are important, because they are panther prey with a higher caloric return per unit effort than smaller mammals (e.g., raccoons (Procyon lotor), nine-banded armadillos (Dasypus novemcinctus), and other small mammals) utilized by panthers as prey [14] . Mountain lion kittens generally remain in their natal dens for the initial eight weeks after birth, restricting the movements of their mothers to areas close to the den. Although older kittens can follow their mothers, the limited mobility of the kittens may restrict both speed and distance of movement of the mothers [15] [16] .
Similar behaviors may be occurring with Florida panthers.
Maehr et al. [11] described the natural vegetation in their study area as including "pine/palmetto flatwoods, mesic hammocks, freshwater marshes, wet prairies, mixed swamps, cypress swamps and cabbage palm forests", based on
Davis [17] . The vegetation at the den sites for both of the panthers in the Maehr et al. [11] study was described as native vegetation that was so dense it was nearly impenetrable to the investigators. That dense vegetation was similar to the extremely dense vegetation surrounding ocelot (Leopardus pardalis, referenced in that study as Felis pardalis) dens in Peru described by Emmons [18] .
More specifically, the den characteristics for panther 09 was described as "located at the edge of a live oak (Quercus virginiana) hammock in a dense thicket of grape vines, bracken fern (Pteridium aquilinum), wax myrtle (Myrica cerifera) and swamp dogwood (Cornus foemina)." The den characteristics for panther 11 were described as a slight depression in a dense palmetto (Serenoa repens) thicket 1 -2 m tall. Subsequent studies evaluating greater numbers of panthers and den sites focused on large-scale habitat types (e.g., cover types), rather than specific plant species and growth habits of those species.
Benson et al. [19] conducted a larger-scale evaluation of the role of habitat types for selection of natal den sites by the federally endangered Florida panthers using three aerial telemetry flights per week from 2000 to 2006 to locate all radio-collared panthers. They performed a Euclidean distance analysis on 51 natal den sites of 30 female panthers in south Florida to determine which habitat types were selected and avoided. In that study, three habitat types (i.e., freshwater [19] suggested that hydrology and the resulting understory conditions in upland habitat types may be a factor in why some female panthers selected pinelands and upland hardwoods as den sites.
A year after the study by Benson et al. [19] was published, suggesting hydrology may be a factor influencing habitat and selection of den sites by female panthers, Blanco [20] released a master's thesis that used Euclidean distance analysis to determine stages of post-fire habitat preferred and avoided for panther dens. Blanco's [20] study evaluated 43 dens of radio-collared panthers within the Florida Panther National Wildlife Refuge. Results suggested that "panther dens were closer to habitat that had burned ≤4 years prior to denning", but "no preference or avoidance was shown for habitat burned ≥4 years prior to denning". An expansion of that analysis, using additional dens, currently is be- Florida panthers are nocturnal and crepuscular, with peak activity around sunset and sunrise. They generally rest during other times in day beds [11] [21].
Therefore, previous studies tracking movements of Florida panthers only during the day to determine habitat utilization by Florida panthers have been criticized for failing to collect movement data from sunset, throughout the night, to sunrise. In an effort to correct this deficiency, Onorato et al. [22] used 20 independent Florida panthers with GPS collars to evaluate habitat selection using a Euclidean distance analysis and location data collected throughout the diel period.
In addition to corroborating aspects of earlier analyses by demonstrating the selection of forested habitats, that study also confirmed the novel result of Florida panther's selection of open habitats (i.e., marsh-shrub-swamps, prairie grasslands) and that habitat selection varied by time of day, but not by sex or season.
The panthers in that study were located closer to wetland forests in the daytime, with increased use of prairie grasslands at night. Patch-size analysis on selection of forest habitat showed those panthers utilized forest patches of all sizes (e.g., ≤1, >5 -10, >1000 ha). The results of that study emphasized the importance of: a) collecting panther location data throughout the diel period to assess habitat Journal of Geoscience and Environment Protection selection and b) including a mosaic of habitats in south Florida to protect the panthers and other sensitive flora and fauna [22] .
Frakes et al. [7] [7] also stated that 25% of that suitable habitat was in non-protected private ownership.
Van de Kerk et al. [23] evaluated the movement of 13 Florida panthers using hourly global positioning system (GPS) tracking data and hidden semi-Markov models (HSMM). The modeled data in that study determined that males and females, and females with and without kittens exhibited distinctly different movement patterns, but did not specify if those different movements were within the same habitat types, as suggested by Frakes et al. [7] , or in different habitat types. Only one female panther carrying a GPS collar gave birth during the van de Kerk et al. [23] study. That study also compared the movements of those panthers during wet and dry seasons, defined by Frakes et al. [7] as June through
October and November through May, respectively.
None of those studies evaluated the association of panther dens or panther movements with previously mapped fractures or the influence of fractures on the quality of habitat used by panthers within the approximate breeding range and area of the remaining panther population in south Florida. Remote sensing has been used to detect linear features (also known as lineaments) since at least [24] discussed specific examples of catastrophic, destructive wildfires and land subsidence resulting from groundwater alterations in Florida's highly fractured, semiconfined carbonate aquifer system and how those wildfires and subsidence can occur considerable distances beyond the surface footprint of the pumping sites.
Bacchus [27] and Bacchus et al. [28] identified additional, comparable off-site habitat impacts from all types of mining and for phosphate mining, respectively, which included both groundwater mining (unsustainable pumping from wells) and physical mining of the aquifer system matrix in Florida. Bacchus et al. [29] presented evidence of the distance from the source that adverse impacts to habitat can occur as the result of preferential flow through fractures. The results of that study suggested that preferential flow occurred through the areas of the panther habitat studies described above. Additional evidence of preferential flow through fractures in the Floridan aquifer system also was provided by the rapid loss of water injected into aquifer storage and recovery (ASR) wells, intended for storage and later use [30] [31]. Bacchus et al. [30] also discussed the role of groundwater mining, extending through fractures as preferential flow, in destroying habit throughout south Georgia and north Florida. These adverse impacts to habitat occur because the Floridan aquifer system is a semiconfined, karst aquifer system linked to the overlying surficial aquifers, with drawdowns that are not accurately predicted by groundwater flow models [32] . The studies referenced above, describing numerous types of adverse impacts to habitat associated with preferential flow through fractures in the Floridan aquifer system, provided scientific support for our investigation. We evaluated the proximity of panther dens to fractures and fracture intersections and the potential impact of those features of preferential flow on the integrity of habitat essential for the recovery and long-term survival of the Florida panther.
Materials and Methods

Review and Data Analysis
Our case study is a combined approach of a review and interdisciplinary research paper, including existing field data for locations of panther dens and telemetry of female panthers with kittens. Land-use we considered included locations of groundwater withdrawal wells. Remote sensing was used to evaluate association of panther dens in south Florida with fractures previously mapped us- [30] , to assess locations of fracture lineaments, withdrawal wells, and panther dens. Political boundaries from the US Census Bureau, including county limits, were used as reference during georeferencing. Spatial frequency analysis of previously mapped linear features indicative of fractures also was conducted as described in Bacchus et al. [30] . The 
Shapefiles and Other Data Obtained from Agencies
Locations [33] lineaments in Florida were described in Bacchus et al. [29] and Lines et al. [24] . This is the most extensive fracture network mapped in 
Proximity of Panther Dens to Mapped Fractures and Groundwater Withdrawal Wells
Number of Panther Dens and the Density, Frequency, and Length of Fractures and Fracture Intersections Mapped in the Five South-Florida Counties
The total number of panther dens and the density of panther dens per 100 km 2 mapped in each of the five counties in south Florida is shown in Table 1 Analysis of the nearest fracture from either dataset was equivalent to the number of dens closest to fractures in the ACOE [35] dataset for all distance intervals from 0 -2 km, except for 1 km. The distances from dens to the nearest intersection of fractures from either data set also were evaluated (Figure 4(b) ). Of the 93 
Discussion and Conclusions
Potential Effects of Groundwater and Other Mining on Panther Habitat
The Introduction describes the impact of groundwater mining in Florida for industrial, municipal and agricultural use on habitat, which includes both wetland and upland habitat required for the survival and recovery of panthers. That groundwater mining results in threats to water resources by increasing saltwater intrusion into the aquifer system and resulting in other forms of water quality degradation, sinkholes, and induced recharge to the aquifer from the overlying [54] , Sonenshein and Hofstetter [55] , and Wilcox et al. [56] to coastal wetlands and/or nearshore benthic marine habitats [57] . Bacchus [26] provided photographs of irreversible damage to depressional wetlands after catastrophic wildfires caused by unsustainable groundwater withdrawals.
As one agricultural example of these adverse environmental impacts from groundwater mining, Florida is the largest US producer of winter strawberries and the most common form of protection of the strawberries from frost-freeze events is sprinkler irrigation of large volumes of water pumped from the aquifer to form a layer of insulating ice over the plants. This pumping degrades water quality, causes water shortages and sinkholes, and threatens sustainability of the water resource and habitat. The analysis of two severe frost-freeze events from 1985 and 2010, in west central Florida's 25-year irrigation for winter-strawberry production north of the breeding range of the Florida panther, showed that spatial distribution of sinkholes was non-random [58] , linking those sinkholes to the irrigation. Wilcox et al. [56] estimated the volume of water being diverted from wetlands in the Everglades National Park by municipal wellfields, directly and indirectly, by using isotopic analysis of the water, but did not assess the damage to wetlands in the National Park from that pirated water.
We obtained the telemetry data for the movement of two female panthers with dens, identified as 09 and 11 and evaluated by Maehr et al. [11] . We evaluated the telemetry data for those two panthers to provide information regarding movements and reproduction success of female panthers with dens related to fracture locations. Figure 5 displays those panther location points as a GIS layer W. Xu et al. Figure 5 . Proximity of telemetry locations for movements from 1985-1987 of female panthers 09 and 11 with dens [11] to fractures in Florida reported by ACOE [35] and mapped by FDOT [33] , and ASR and other groundwater withdrawal wells permitted by the SFWMD and SWFWMD (symbols other than telemetry locations are the same as in Figure 2 ).
combined with the locations of the two datasets of previously mapped fractures [33] [35] and the withdrawal wells, including ASR wells, permitted in that area.
The abrupt horizontal southern and northern extent of those location points for panthers 09 and 11, respectively, presumably resulted from the multi-lane, high-speed Interstate 75 (I-75) for east/west traffic across south Florida. An extensive, tall chain-link fence was constructed along the north and south sides of that portion of I-75 in an attempt to prevent access of large animals, such as panthers, to the interstate where they could be killed by collisions with vehicles.
That fenced interstate partially bifurcates the panther habitat into north and south segments in that area.
There are no withdrawal wells obscured by the location points for panther 11 [35] fractures and five FDOT [33] fractures intersect that cluster of location points. In contrast, there are extensive withdrawal wells, including many obscured by the panther-location points, and fractures throughout the cluster of location points for panther 09. Additionally, the cluster of location points for panther 09 also is intersected by a fracture associated with the ASR well on the north shore of Lake Okeechobee and other fractures associated with 13 ASR wells located southwest of the 09 cluster.
Deficiencies in Previous Studies of Vegetation Characteristics at Panther Den Sites
As illustrated in the Introduction, most of the previous studies of panther den sites have focused on some aspect of vegetation characteristics, but have not considered the influence of fractures on vegetation. According to Maehr et al. [11] , the den site for panther 09 in their study of early maternal behaviour in the Swamp dogwood is indicative of wetlands [59] , and dense thickets of native grape vines and wax myrtle are indicators of drawdowns in surficial aquifers overlying the Floridan aquifer system resulting from groundwater and other mining (S.T. Bacchus unpublished data) [60] . The habitats and plant species reported for panther 09 are more susceptible to those types of groundwater alterations than upland habitats with dense saw palmetto thickets 1 -2 m tall, where the den site of panther 11 was located in the study by Maehr et al. [11] . There- Compared to the cluster of location points for panther 11 from Maehr et al. [11] , more previously mapped fractures and permitted withdrawal wells, including ASR wells, are associated with the cluster of location points for panther 09 ( Figure 5 ). That suggests groundwater alterations may have been a key factor in the "lower nutritional plane" discussed by Maehr et al. [11] , as possibly the most important factor influencing the lower number of surviving kittens and larger home range for panther 09. In fact, groundwater alterations may have been the key factor in the inabilitiy of panther 09 to rear more than one kitten, while panther 11 successfully reared at least three kittens. [62] acknowledged the hydraulic connectivity (i.e., hydrologic connection) of the aquifer and natural depressional wetlands in Florida, but erroneously referred to those wetlands as "isolated wetlands." This is important in confirming that those wetlands cannot be recreated at random locations as some mitigation or no net loss scheme, because the function of those wetlands depends on their interaction with fractures. That suggests groundwater alterations of those natural habitats (cover types) may be a factor influencing habitat preferences in that study and all of the studies of habitat preferences for panther dens and foraging.
Another unfounded assumption in Benson et al. [19] was that because most dens (>90%) and home ranges used in the analyses were located on public or Seminole Indian Reservation lands, changes to the habitat types were minimal.
The surface boundaries of those public and reservation lands do not extend underground. Therefore, those boundaries are not barriers to the saltwater intrusion, induced recharge, and concomitant invasive plant species, as well as catastrophic, destructive wildfires from altered hydroperiods and increased salinity due to preferential flow through fractures in the Floridan aquifer system in response to groundwater and other types of mining [26] [43] [60] . Consequently, adverse changes to habitat types in both public lands and the Seminole Indian Reservation lands within the breeding range of panthers can be and have been significant. Maehr et al. [11] reported observations of panther 11 during a successful deer-hunting foray in June, after travelling 4 km across a large herbaceous marsh to a larger island with saw palmetto, slash pine (Pinus elliotii), cypress (Taxodium distichum), and red maple (Acer rubrum).
The cypress referenced in that study probably was pond-cypress (T. ascendens), rather than bald-cypress (T. distichum), because of the associated plant species referenced by Maehr et al. [11] and the fact that pond-cypress originally was Journal of Geoscience and Environment Protection considered a sub-species of T. distichum until the definitive taxonomic description by Godfrey [59] of pond-cypress as a distinct species in a distinctly different habitat (i.e., depressional wetlands) from bald-cypress (i.e., stream systems).
Additionally, Benson et al. [19] assumed that the temporal difference between panther locations and landcover data of ≤3 years for each den in their analysis was insignificant. Significiant adverse changes can occur in both density and quality of habitat type in less than that time from alterations associated with fractures, as described previously. Benson et al. [19] also assumed that habitat-type changes due to natural succession events would not occur within their data-collection time frame. Although that may be true for natural succession events, unnatural succession events can occur much more rapidly in response to anthropogenic groundwater alterations. One example of such a result is catastrophic, destructive wildfires from anthropogenic hydroperiod alterations. Those fires change species composition, density, and habitat within broad cover types. Changes occur because fire-adapted trees and native understory vegetation are killed when the roots are exposed and burned due to oxidation, ignition, and consumption of the organic soils, or the roots no longer have access to groundwater during times of low rainfall [26] . Those types of fires can convert desirable habitat for panther dens and prey species to cattail marshes (S.T. Bacchus, unpublished data). Benson et al. [19] identified cattail marshes as a cover type avoided by female panthers for den sites and prey habitat. Unfortunately, that study combined cattail marshes with two other habitat types from the original land cover (i.e., freshwater marsh and wet prairie, and sawgrass marsh) into one habitat type (i.e., freshwater marsh-wet prairie). That combination may have influenced the results and conclusions of that study and other studies combining those cover types because cattail marshes generally result from anthropogenic alterations of natural hydroperiods and eutrophication, while sawgrass marshes (also known as marl prairies) and wet praires are natural ecosystems (S.T. Bacchus, unpublished data) [63] .
Conservation Implications
Habitat alterations from groundwater and other mining associated with previously mapped fractures in the Floridan aquifer system, due to preferential flow referenced in our study, can occur many kilometers from the surface footprint of the sources of those alterations. The results of our study documented the proximity of 93 panther dens identified in 2007-2016 by the Florida Panther Project and telemetry locations for panthers 09 and 11 from Maehr et al. [11] to fractures throughout habitat in the primary panther zone habitat in south Florida. In addition to confirming that those dens and telemetry locations are located near previously mapped fractures, our results also suggest that plant species composition and vegetation density of both wetland and upland habitats may influence the suitability of habitat for panther dens, panther selection of den sites, and the availability, and abundance of high quality prey items essential to meet the nutritional demands of successfully rearing panther kittens in the wild.
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These specific findings imply that the remaining habitat suitable for panther den sites and the successful raising of young panthers is much smaller than the existing areas designated as primary and secondary panther habitat, which is based on vegetation and human-related factors considered in previous studies. Thus, that panther habitat may not be able to sustain the Florida panther. Our findings also suggest that land use and groundwater withdrawals beyond the boundaries of designated panther habitat should be considered in the management of the Florida panthers' ecosystem. Similar findings may be expected for habitats and ecosystems associated with fractured aquifer systems worldwide and may be exacerbated by global climate change.
The significance of our findings is emphasized because decisions determining the management, restoration and acquisition of habitat, including habitat for Florida panthers, generally depend on interpretations by land managers of how wildlife selects habitat [22] . Our results suggest that the model developed by Frakes et al. [7] , for use by conservation agencies attempting to identify and protect the most valuable panther habitat in south Florida, should be modified to consider the influence of fractures on identifying and protecting habitat for the federally endangered Florida panther. This conclusion is supported by the fact that their model showed that hydrology is one of the most important factors determining the presence of adult panthers. Therefore, we recommend more detailed investigations of: a) vegetation characteristics associated with panther dens and the movements of female Florida panthers while raising kittens; b) groundwater alterations associated with fractures in the vicinity of panther habitat in south Florida; c) cumulative impacts of groundwater and other mining on plant species composition and density in panther habitat zones; and d) considerations of fracture impacts on all habitats underlain by karst and other fractured aquifer systems worldwide.
